INTRODUCTION
============

Traumatic brain injury (TBI) is the main cause of disability and mortality in young adults such that its annual occurrence in the United States is 200 in 100,000 \[[@B1]\] individuals. It has been revealed that TBI causes damage to the brain blood barrier (BBB) and increase in its permeability and consequently increase in brain edema and intracranial pressure (ICP) \[[@B2]\]. Also, it has been reported that mortality in TBI is induced by brain edema and inflammatory responses. Up to now, an effective pharmacological treatment remains to be found \[[@B3]\].

It has been accepted that estrogen has a strong neuroprotection effect on different brain injury models \[[@B4]\]. Using female sexual hormones after TBI show some protective effects on the injured brain , such as protection of BBB, reduction of post-injury oxidative stress, and edema \[[@B5]\]. In addition, it has been reported that estrogen causes protection against brain injury and neurodegenerative diseases; prescription of estrogen decreases brain injury after focal ischemia \[[@B6]\]. Our previous study has shown that estrogen is able to reduce brain edema, protect BBB and reduce ICP \[[@B7]\] following TBI. Also in our recent study, we found that brain edema and ICP are low in TBI in the stage of the estrous cycle when estrogen level is high \[[@B7]\].

17β-estradiol (E~2~) is the most potent source of endogenous estrogen. Many E~2~functions are carried out through classic receptors, including estrogen receptor-α (ERα) and estrogen receptor-β (ERβ). These receptors have roles in both classic and non-classic signaling pathways. For example, the mediation of both receptors in the neuroprotective effect of estrogen \[[@B8]\], the expression of neuroinflammatory genes in the frontal cortex through ERα and ERβ \[[@B9]\] and the reduction of neuroprotective effect of estrogen in ischemia after the use of both receptor antagonists \[[@B10]\]

ICI 182,780 is an estrogenic compound known as a pure antagonist to estrogen that has an affinity similar to estrogen to its receptors in the brain \[[@B11]\]. This compound has also a similar affinity to both ERα and ERβ receptors. ICI 182,780 functions by signalling estrogen receptors to oppose through preventing dimerization of the receptor \[[@B12]\], the disturbance in nuclear receptor sites, and destroying the receptor \[[@B13]\]. The usage of ICI 182,780 alone exacerbates the effects of brain ischemia \[[@B14]\]. In spite of this, it has been reported that this compound may modify the expression of the gene independent of estrogen, or this compound may also have relative agonistic effects \[[@B15]\].

In this study, the ICI 182,780 compound was used along with estrogen to evaluate the possible role of ERα and ERβ in the neuroprotective effects of 17β-estradiol, including the reduction of the brain edema, restoration of BBB, reduction of the ICP, and improvement of the neurologic scores in diffuse TBI. Another objective of this study was to test the possible agonistic effects of ICI 182,780 on this model of the brain damage.

MATERIALS AND METHODS
=====================

***Experimental procedures:***

***Animals.***This study was conducted in accordance with the guidelines for the animal experiments of Kerman University of Medical Sciences. The protocol was approved by the ethics committee (No: k/92/314) of the university in accordance with the internationally accepted principles for laboratory animal use and care, as found in the European Community Guidelines (EEC Directive of 1986; 86/609/EEC) or US guidelines (NIH publication \#85--23, revised in 1985). Animals (adult female Albino N-Mary rats, weighing 200-250 g) were housed in an air-conditioned room at 22--25ºC with a 12 h light:12 h dark cycle and free access to food and water.

***Bilateral ovariectomy.***The animals were first anesthetized by the injection of 60 mg/kg thiopental (i.p.). The subabdominal area of the body was then shaved, and an incision of 2 cm was made. The skin, fascia, and abdominal muscles were opened, and fats and intestines were sheared off until the uterus and its tubes were exposed. Catgut 4 thread was then twisted around the tube of uterus and vascular base of the ovaries in the proximal area and cut from the distal area. Then 1-2 ml saline solution into the abdomen and the muscles, and skin was replaced. The incision was stitched using 0-2 silk thread, and the wound was washed with betadine solution. In addition, all experimental animals were ovariectomized (OVX) two weeks before the experiments to avoid interference due to the estrus cycle \[[@B16]\].

***Experimental protocols.***The animals were randomly divided into eight groups (n = 7 in each group) as follows (all drugs were injected i.p.): (i) Sham group: OVX rats underwent preparation procedure of brain trauma but were not exposed to brain trauma; (ii) TBI group: OVX rats exposed to brain trauma and received no medicine; (iii) TBI + OIL group: OVX rats received an injection of an equal volume of vehicle (sesame oil, which were used as estrogen solvent) 30 minutes after TBI \[[@B5]\]; (iv) TBI + E~2~ group: OVX rats received an injection of estrogen (33.3 μg/kg) 30 minute after TBI \[[@B17]\]; (v) TBI + ICI + E~2~group: OVX rats received an injection of ICI 182,780 (4.0 mg/kg) two times, 24 hours apart before TBI and then received an injection of estrogen (33.3 μg/kg) 30 minute after TBI; (vi) TBI + DMSO + E~2~ group: OVX rats received an injection of an equal volume of vehicle (DMSO, which was used as ICI182,780 solvent) two times, 24 hours apart before TBI, and then received an injection of estrogen (33.3 μg/kg) 30 minute after TBI; (vii) TBI + ICI group: OVX rats received an injection of ICI 182,780 (4.0 mg/kg) 30 minute after TBI; (viii) TBI + DMSO group: OVX rats received an injection of an equal volume of vehicle (DMSO) 30 minute after TBI.

***Drugs.***17-β-estradiol and sesame oil were obtained from Aburaihan Pharmaceutical (Tehran, Iran), and ICI 182,780 was purchased from Sigma (China).

***Model of diffuse TBI.***All animals were incubated before TBI. The TBI method of the diffuse type was induced by the Marmarou's method \[[@B18]\] using a TBI induction device made by the Dept. of Physiology, Kerman University of Medical Sciences (Kerman, Iran). The protocol was as follows: a 300-g weight was dropped from a 2-m height on the head of the anesthetized \[gas-mixture of isoflurane/N~2~O/O~2~ (2%, 66%, 32%)\] female rats while a metal disc (stainless steel, 10 mm in diameter, 3 mm thick) was attached to the animal's skull. After the induction of the trauma, the rats were immediately connected to a respiratory pump (TSA animal respiratory compact, Germany). After spontaneous breathing was restored, the intratracheal tube was removed, and following recovery the rats were placed in individual cages.

***Determination of brain edema.***The brain edema of each animal was assessed by measuring brain water content. The anesthetized animals were sacrificed 24 h after TBI, the brain was removed, and brain samples were placed in pre-weighed glass vials and weighed (wet weight). The lids were removed, and the vials were placed in an incubator (Memmert, Germany) at 60ºC for 72 h, and then reweighed (dry weight). The percentage of water in each sample was then calculated using a formula published previously \[[@B17]\]:

Brain water content (%) = \[(wet weight - dry weight)/wet weight\] × 100

***Determination of BBB permeability.***The degree of BBB permeability was assessed by measuring Evans blue dye leakage with a slight modification \[[@B17]\]. Four hours after TBI, a dose of 20 ml/kg Evans blue dye was injected intravenously through tail vein. The animals were anesthetized 5 h after TBI and perused using saline to remove intravascular Evans blue dye. The brains were removed, then dissected, weighed, and stored at --80 8C for quantitative measurement. Brain samples were homogenized in 1 mL of 0.1 mol/L PBS, and 0.7 mL of 100% (w/v) trichloroacetic acid was added to it, and centrifuged. After centrifugation for 30 min at 1,000 ×g, the absorbance of Evans blue in supernatant was measured at 610 nm using a spectrophotometer (UV/VIS, Spectrometer, UK). The amount of extravasated Evans blue dye content was quantified as μg/g brain tissue.

***ICP evaluation.***The ICP was determined by using ICP monitoring system made by MobinKahroba Kimia Co. (Iran) and Dept. of Physiology, Kerman University of Medical Sciences. The anesthetized animal (with 68% N~2~O + 30% O~2~ + 2% halothane) was placed in stereotaxic instrument in the way that its shead was placed in midsagittal plane, and the anterior-posterior point was located at about midpoint between the occipital crest and the lambda suture. After indenting cistern magna area, a no. 20 needle connected to an E50 tube of ICP monitoring device was entered into the cisterna magna area and transferred the pressure to the transducer. By a recording system (AD Instruments, Australia), the pressure was recorded before the trauma induction and 4 and 24 h after TBI \[[@B5]\].

***Evaluation of neurologic outcomes.***Based on veterinary coma scale (VCS), the neurologic outcome was scored in the range of 3-15 that was the sum of three parts: motor function (score range 1-8), eye function (score range 1-4), and respiration (score range 1-3). According to VCS criteria, higher scores indicated better neurological outcomes, and lower scores indicated worse neurological outcomes. In the present study, the outcomes were measured one hour before trauma induction and immediately after trauma (time 0), and measurements were continued 4 and 24 hours post TBI \[[@B5]\].

***Statistics.***The normality of data was checked using Shapiro-Wilk's W test. A mixed design analysis of variance was used to evaluate the interaction between the times of ICP and VCS measurement and the groups (*P* \< 0.001, corrected with Greenhouse-Geisser); therefore, the data was analyzed at different times by one-way analysis of variance (ANOVA). Data of water content and Evans blue content were analyzed using one way ANOVA. In addition, LSD test was used for post hoc analysis. Quantitative data were presented as mean ± SEM, and the level of significance was considered at *P*\<0.05.

RESULTS
=======

***Brain edema.***The water content of the brain in different groups at 24 h post TBI is shown in [Figure 1](#F1){ref-type="fig"}. [Figure 1A](#F1){ref-type="fig"} shows that the brain water content in TBI group is significantly higher than in sham group (*P* \< 0.001). On the other hand, the brain water content in TBI + E~2~ was signiﬁcantly less than that in TBI and TBI + OIL groups (*P* \< 0.001), whereas there was no significant difference between TBI and TBI + OIL groups. [Figure 1B](#F1){ref-type="fig"} shows that brain water content in TBI + ICI + E~2~ group is more than in TBI + E~2~ (*P* \< 0.001) and TBI + DMSO + E~2~(*P* \< 0.001) groups. The brain water content between TBI + ICI and TBI + DMSO groups was not significant (data not shown).

***BBB permeability*** *.*The Evans blue dye content in all groups at 24 h after TBI is shown in [Figure 2](#F2){ref-type="fig"}. [Figure 2A](#F2){ref-type="fig"} shows that the Evans blue dye content in TBI group is significantly more than in sham group (*P* \< 0.001). TBI + E2 showed a signiﬁcant decrease in the Evans blue content compared with TBI and TBI + OIL groups (*P* \< 0.001), whereas no difference in the level of Evans blue content was observed between TBI and TBI + OIL groups. [Figure 2B](#F2){ref-type="fig"} shows that Evans blue content in TBI + ICI + E2 group is more than in TBI + E2 (*P* \< 0.001) and TBI + DMSO + E2 (*P* \< 0.001) groups. The level of Evans blue content between TBI + ICI and TBI + DMSO groups was not significant (data not shown).

***ICP measurements.*** [Figure 3](#F3){ref-type="fig"} illustrates the ICP alterations in traumatic groups in all studied groups at different times after TBI. [Figure 3A](#F3){ref-type="fig"} shows that before TBI, there was no significant difference among groups regarding to ICP. The induction of trauma caused an increase in ICP so that 4 and 24 hours after trauma, the ICP was increased in all traumatic groups compared to sham group.

![**.**The brain water content (%) following traumatic brain injury in rats (n = 7/group). Data are represented as mean ± SEM. ^\*\*\*^*P* \< 0.001;. TBI vs sham. ^\#\#\#^*P* \< 0.001; TBI + E~2~vs TBI and TBI + OIL (A). ^\*\*\*^*P* \< 0.001; TBI + ICI + E~2~ vs TBI + E~2~, and TBI + DMSO + E~2~ (B). TBI, traumatic brain injury; E~2~, estradiol; ICI, ICI 182,780.](ibj-19-165-g001){#F1}

However, there was a significant difference in ICP in TBI + E~2~compared to TBI and TBI + OIL groups (*P* \< 0.001), whereas there was no significant difference in ICP between TBI and TBI + OIL groups. [Figure 3B](#F3){ref-type="fig"} shows the ICP changes in different groups 4 and 24 h post TBI. There was a significant difference between TBI + ICI + E~2~ with TBI + E~2~ and TBI + DMSO + E~2~ (*P* \< 0.001). There was no significant difference in ICP between the TBI + ICI and TBI + DMSO groups (data not shown).

***Evaluation of neurological outcomes.***Changes in the neurological scores (VCS) of the sham and differently treated OVX rats at different times after TBI are shown in [Figure 4](#F4){ref-type="fig"}. [Figure 4A](#F4){ref-type="fig"} shows a marked decrease in VCS score in the TBI group in comparison with the sham groups immediately after TBI. This damage was not significantly affected by the administration of the oil solution. A decrease in VCS score in the TBI and TBI + OIL groups were significantly inhibited by treatment with E2 (*P* \< 0.001). [Figure 4B](#F4){ref-type="fig"} shows the VCS score changes in different groups. Four and 24 hours following TBI, there was a significant difference between TBI + ICI + E~2~ with TBI + E~2~ and TBI + DMSO + E~2~ (*P* \< 0.001). In addition, there was no significant difference in the VCS score between the TBI + ICI and TBI + DMSO groups (data not shown).

DISCUSSION
==========

In the present study, the ICI 182,780 compound was used along with estrogen to ascertain the role of classical estrogen receptors in the neuroprotective effects of estrogen, and three major findings were acquired. First, estrogen reduced brain edema, prevented increased BBB permeability, reduced ICP and improved neurological scores. Second, ICI 182,780 eliminated the neuroprotective effects of estrogen mentioned above, showing that both ERα and ERβ may affect the neuroprotective effects of estrogen. Third, ICI 182,780 did not have relative agonistic effects for estrogen.

![The Evans blue dye content (µg/g tissue) following traumatic brain injury (TBI) in rats (n = 7/ group). Data are represented as mean ± SEM.\*\*\**P* \< 0.001; TBI vs. sham. \#\#\# *P* \< 0.001; TBI + E~2~ vs TBI and TBI + OIL (A). \*\*\**P* \< 0.001; TB + ICI + E~2~ vs TBI + E~2~and TBI + DMSO + E~2~ (B). E~2~(estradiol); ICI (ICI 182,780)](ibj-19-165-g002){#F2}

![The effect of traumatic brain injury (TBI) on intracranial pressure (ICP) in different groups (n = 7 in each group). The data are represented as mean ± SEM. \*\*\**P* \< 0.001; at 4 and 24 h after TBI for TBI vs. sham, \#\#\# *P* \< 0.001; at 4 and 24 h after TBI for TBI + E~2~ vs TBI and TBI + OIL groups (A). \*\*\**P* \< 0.001; at 4 and 24 h after TBI for TBI + ICI + E~2~ vs TBI + E~2~and TBI + DMSO + E~2~ (B). E~2~ (estradiol), ICI (ICI 182,780).](ibj-19-165-g003){#F3}

Our results show that the post-TBI administration of E2 in OVX rats causes a decrease in brain edema, permeability in BBB and ICP, and also improvement in neurologic scores in comparison to the vehicle group. The BBB damage after brain injury may result in gathering liquid in the extracellular space and consequently increasing the ICP \[[@B2]\]. On the other hand, the increase in ICP leads to the aggravation of neurologic state. It has been revealed that estrogen reduces BBB damage in the ischemia model through constraining the expression of the matrix metaloproteinase 2 and 9 genes and the vascular endothelial growth factor \[[@B19]\]. The positive effect of estrogen on the reduction of brain edema is probably due to its scavenger effect \[[@B20]\]. Other probable mechanisms of the neuroprotective effects of estrogen are the change of different gene expressions \[[@B21]\], the increase in brain perfusion \[[@B22]\], and the reduction in the activity of astrocytes and microglia \[[@B23]\]. The findings of the present study are in agreement with the work of Zhang *et al.* \[[@B24]\], who have found that the estrogen is able to reduce the volume of the damaged area and the cell death in brain ischemia. It has also been reported that estrogen causes the reduction of edema and the improvement in neurological scores following TBI \[[@B25]\]. Our previous studies showed that the administration of estrogen causes the reduction in brain edema \[[@B5]\] and the reduction of ICP \[[@B5], [@B7]\] following TBI in female rats. However, in another study no neuroprotective effects of estrogen have been found \[[@B26]\]. The reason for this difference in findings might be due to difference in the model and the intensity of induced injury, the drug dosage, and the period of drug usage.

![The effect of traumatic brain injury (TBI) on Veterinary coma scale (VCS) in different groups (n = 7 in each group). The data are represented as mean±SEM. \*\*\* *P* \< 0.001; at 4 and 24 h after TBI for TBI vs sham ,\#\#\# *P*\< 0.001; at 4 and 24 h after TBI for TBI + E~2~vs TBI and TBI + OIL groups (A).^\*\*\*^ *P* \< 0.001; at 4 and 24 h after TBI for TBI + ICI + E~2~vs TBI + E~2~ and TBI + DMSO + E~2~(B). TBI, traumatic brain injury; E~2~, estradiol; ICI, ICI 182,780](ibj-19-165-g004){#F4}

In another part of this study, we indicated that prescribing ICI 182,780 along with estrogen eliminated the effects of estrogen such that the amount of brain edema, permeability of BBB, and ICP in the TBI + ICI + E2 group was not different from the TBI group, and no increase in the neurologic scores was observed after the use of estrogen. In spite of the significant difference between the TBI + E2 and the TBI + ICI + E2 groups, the neuroprotective effects of estrogen have not been completely eliminated. Therefore, there is the possibility that at least parts of the protective effects of estrogen are not dependent on classic estrogen receptors, or independent from estrogen receptors. The independent effects might be due to the intrinsic antioxidant attributes or might be mediated by nitric oxide \[[@B27]\]. It has been reported that ICI 182,780 functions as a pure antagonist of estrogen, competitively bonds with both nuclear and membrane (α and β) estrogen receptors and eliminates the effects of estrogen. This compound probably functions through one of the following mechanisms: increasing the degradation of ER \[[@B28]\], competing with estrogen receptor ligand for binding, restricting ER nuclei dimerization and localization, down-regulation of these two receptors, the restriction of transcriptions mediated by estrogen receptors \[[@B29]\], and reduction of available receptors. Until now, the restrictive effects of ICI 182,780 on estrogen protective effects after brain trauma have not been shown, and this is the first study that reports the effects of this compound on diffuse TBI. However, the restrictive effects of ICI 182,780 on estrogen in other brain injury models and also in other tissues have been shown. For instance, in MCAO, it has been indicated that ICI 182,780 restricts the effect of estrogen on reducing the volume of the infarcted area \[[@B30]\]. It restricts the effects of estrogen on the reduction of apoptosis in the brain cortex neurons \[[@B31]\]. In the trauma-hemorrahage, it eliminates the reductive effects of E2 on Ang II, AT1R, and myeloperoxidase activity \[[@B32]\]. There is also a study showing that the neuroprotective effects of estrogen are not eliminated by this compound (ICI) \[[@B33]\]. Possible reasons for such differences may be the differences in the studied injury model, studied tissue, and also used dose.

Considering the reports on agonistic effects of ICI 182,780 \[[@B24]\], we examined these effects in this stud. The results showed that when ICI 182,780 was used instead of estrogen 30 minutes after TBI, this compound did not have agnostic effects, meaning that it did not have neuroprotective effects similar to estrogen after TBI, when used alone. This result is supported by other studies as well \[[@B34], [@B35]\].

In this investigation, the neuroprotective mechanisms of estrogen were examined, and it was revealed that ERα and ERβ were effective in the neuroprotective function of estrogen. Nevertheless, there is a need for further studies to reveal the signalling pathways involved in the neuroprotective function of estrogen.
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